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[POLYMERIC BINDER SYSTEM 

AND METHOD OF MAKING 
SAME, METHOD OF PREPARING 

THIN-WALLED ARTICLES BY 
EXTRUSION, AND THIN-WALLED 
ARTICLES PRODUCED THEREBY] 

Background of Invention 

[0001 ] Field of the Invention 

[0002] The present invention is directed to a polymeric binder system and method of 
making, a method of forming thin-walled articles by extrusion, and to articles 
produced thereby. More particularly, the invention relates to a polymeric binder 
system containing an organic solvent to lower the binder viscosity and form a uniform 
extrudable mixture at near-ambient temperatures. 

[0003] Background of the Invention 

[0004] Techniques are known for producing thick-walled articles by extrusion utilizing 
ceramic and metal powders which are combined with organic chemicals that function 
as binders. Such methods typically utilize polymeric binders, such as polyvinyl butyral 
(for example, Butvar • B-76, Solutia, Inc., St. Louis, MO), which are burned out by a 
combination of pyrolysis and oxidation to decompose the binder to gases. Such 
extrusion binders tend to melt before reacting and decomposing to gases, and are 
suitable for forming thick-walled articles in which the binder melting inside a three- 
dimensional porous green body provides capillarity that pulls the mass together. 
However, such binders are not satisfactory for forming thin-walled articles such as 
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thin-walled electrolyte tubes. This is because the articles become distorted as the 
capillarity from the melted binder reduces the wall thickness as the sheet of (powder- 
filled) liquid becomes unstable in shape and breaks apart into droplets, analogous to 
the droplet formation from a thin stream of water dripping from a faucet. Even 
without droplet formation, the thin-walled shapes can become distorted by gravity 
acting on the green ceramics held together with the liquefied binder at the early 
stages of binder burn-out. 

One partial solution to this ceramic processing problem has been to add materials 
such as a block copolymer of st yrene/ bu tadiene as part of a thermoplastic el astomer 
binder system. Such materials can be formed by traditional rubber-making techniques 
utilizing shear in two-roll mills. For example, a method of making thin-walled 
electrolyte tubes is described in commonly assigned U.S. Patent No. 4,61 5,851 , in 
which a thermoplastic elastomer is mixed with ceramic powder on hot rolls which are 
heated in excess of 200 ° C. The extrudable powder mixture prepared by this method 
allows thin-walled shapes to be formed, burned out, and sintered with little 
deformation of the thin walls, because the block copolymer remains a high viscosity 
liquid after melting until decomposition. 

Because of the inconvenience of the high temperature rubber-making process to 
make the extrudable mass, there has been continued interest in the development of 
improved polymeric binder systems for ceramic and metal powders for injection 
molding and extrusion. For example, a polyacetal binder is used in Catamold ® 
Ultraform ceramic-filled polyacetal injection molding polymeric binder system (BASF 
Corporation, Wyandotte, Michigan). Such a binder provides an advantage for burn-out 
of both thin- and thick-walled structures due to its nearly isothermal catalytic 
decomposition of the solid binder to gaseous phases. However, in the acetal process, 
the gases used in the catalyzed solid-to-gas volatilization reaction and the resulting 
gases are both toxic and flammable. 

[0007] 

Yet another known binder system and process is referred to as "gelcasting." This 
process utilizes chemical monomers which are solidified by cross-linking immediately 
after intermixing with an activator in the moments just prior to injection into a closed 
mold. Although this binder system allows both thin and thick sections to be formed 
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one-by-one in closed molds, it is not practical for use in high-volume, continuous 
shear forming operations such as extrusion of thin-walled tubular articles due to the 
short time that passes before the binder becomes like a solid. Furthermore, the 
monomer and activator are toxic. The binder solidification reaction in gelcasting 
differs from that of the thermoplastic elastomer system in that it is irreversible. This 
leads to further losses on processing and more constraints in scheduling of sequential 
processing steps. 

[0008] Accordingly, there is still a need in the art for an improved polymeric binder 
system and method for forming extruded thin-walled articles that can be sintered 
with little deformation of the thin walls. 

Summary of Invention 

[0009] The present invention meets that need by providing a polymeric binder system 
and method for extruding thin-walled articles which does not require heat for 
preparation of the extrudable mixture. The polymeric binder components are 
dissolved with shear in an organic solvent, such as, for example, toluene or 
tetrahydrofuran, to form a liquid polymeric binder system which is then mixed with 
ceramic or metal powders. After removal of substantially all of the organic solvent by 
evaporation, the resulting extrudable mass may be extruded to form thin-walled 
tubes, which, upon firing through burn-out and sintering, retain their thin-walled 
form. Thus, the extrudable mixture of the polymeric binder system and powder 
provides an easy means to make thin-walled extruded articles that retain their shape 
upon subsequent ceramic processing. 

[001 0] According to one aspect of the present invention, a method of forming an 

extruded thin-walled article is provided comprising providing a polymeric binder 
system of a substantially homogeneous solution of a polymeric binder and an organic 
solvent. A ceramic or metal powder is then added to the polymeric binder system to 
form a slurry mixture. Preferably, the ceramic powder comprises yttria-stabilized 
zirconia. The metal precursor powder preferably comprises nickel oxide plus yttria- 
stabilized zirconia. 



[0011] 



After addition of the ceramic or metal powder, the organic solvent is evaporated 
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from the mixture, and the remaining mixture is extruded from a die to form a thin- 
walled article. The mixture is preferably extruded at a temperature of between about 
1 00 to 1 35 * C, and more preferably, about 1 20 ° C 

[001 2] The method preferably further includes subsequent heating of the extruded thin- 
walled article to burn off the binder and to sinter the article. 

[001 3] By "thin-walled" article, it is meant an article having a wall thickness of less than 
about 2 mm, and preferably less than about 0.5 mm. For fuel cell applications, we 
have achieved extruded wall thicknesses as thin as 0.2 mm. 

[001 4] The polymeric binder system of the present invention includes a polymeric binder 
and an organic solvent, which together are subsequently used to intermix and bind 
together the ceramic or metal powder into a shaped form. The polymeric binder 
preferably comprises a thermoplastic block copolymer, a first thermoplastic polymer 
and a second thermoplastic polymer which is different from the first thermoplastic 
polymer, and a plasticizer. The thermoplastic block copolymer preferably comprises a 
copolymer of styrene and butadiene. 

[001 5] The first thermoplastic polymer preferably comprises polystyrene and the second 
thermoplastic polymer preferably comprises polyindene. 

[001 6] The plasticizer included in the polymeric binder preferably comprises at least one 
oil and at least one wax. The oils and waxes allow a wide range of melting 
temperatures within the polymeric binder system. Furthermore, the lower melting 
components provide porosity that is useful for the ease of subsequent burn-out of the 
thermoplastic block copolymers and the first and second thermoplastic polymers. 

[001 7] The polymeric binder may further include a processing aid such as an antioxidant 
to adjust thermal decomposition rates and to reduce any gas-blocking layer formation 
during burn-out. 



[0018] 



The organic solvent in the polymeric binder system is preferably toluene or 
tetrahydrofuran. The organic solvent may also be selected from cyclohexane, 
methylcyclohexane, benzene, ethylbenzene, styrene, lower chlorinated aliphatic 
hydrocarbons, tetrahydrofurfuryl alcohol, phenol/acetone, dimethyltetrahydrofuran, 
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dioxane, methyl ethyl ketone, diisopropylketone, cyclohexanone, ethyl acetate, butyl 
acetate, n-butyl phthalate, carbon disulfide, and tributyl phosphate. 

[001 9] The polymeric binder system of the present invention is preferably prepared by 
dissolving the polymeric binder components in the organic solvent to form a 
substantially homogeneous liquid. The components of the polymeric binder system 
are preferably mixed in the following order: thermoplastic block copolymer, organic 
solvent, (and optional antioxidant), followed by the addition of the remaining 
components in any order. Preferably, shear processing is applied to insure good 
intermixing of the polymeric components. 

[0020] The polymeric binder system and method of the present invention provide an 
improvement over prior binder systems in that it is simpler to make the binder- 
powder mixture because the organic solvent allows the preparation of the polymeric 
binder system at lower temperatures of about 50 ° C. Solvent removal by evaporation 
also occurs at a lower temperature of about 50 ° C (or other moderate temperature, 
including room temperature). In addition, there is increased reproducibility in the 
extruded articles over prior art rubber-compounding methods because the 
components in the binder (other than some of the organic solvent) are not lost by 
evaporation or burning off of some fractions of the polymeric binder system during 
the compounding process, a problem which occurs with prior art systems that require 
heating to 200 ° C during manufacture of an extrudable material. 

[0021] Accordingly, it is a feature of the present invention to provide a polymeric binder 
system and method for extruding thin-walled articles which does not require heating 
to high temperatures (greater than about 1 00 ° C) to achieve mixing of the extrudable 
mass and which results in a thin-walled green ceramic article which retains its shape 
during and after burn-off and sintering. Other features and advantages of the 
invention will be apparent from the following description and the appended claims. 



Detailed Description 



[0022] 



As discussed above, the polymeric binder system and method of the present 
invention provide an improvement over prior methods in that heat is not required to 
achieve mixing of the polymeric components with the ceramic and metal powders . 
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The polymeric binder system is also cost efficient in that there is a reduced need for 
antioxidants, because the use of lower processing temperatures provides less 
exposure to oxidation. 

[0023] In addition, the polymer binder system has the advantage that it can be prepared 
and stored separately (either with or without the organic solvent present) until needed 
for use with a given powder. A further advantage is that, by addition of more of the 
organic solvent, the viscosity of the polymeric binder system can be lowered to allow 
simplified intermixing with the ceramic or metal powder. With appropriate dilution, 
| the polymeric binder system can be used to apply powder-based coatings by 

spraying, painting, or dip-coating. Alternatively, when the evaporation of the organic 
solvent is nearly complete, the mass can be shaped at room temperature by various 
conventional ceramic whiteware forming means. 

[0024] In prior art polymeric binder systems which do not use an organic solvent, the 

mixing of powders with the binder must take place at elevated temperatures in order 
^ to reduce binder viscosity. 

[0025] The organic solvent used in the present invention is preferably selected from a 
particular class of solvents which are solvents for the glassy polymer in the glassy- 
elastomeric block copolymer. Where the glassy segment comprises polystyrene, the 
preferred solvents are toluene and tetrahydrofuran. However, there are many other 
organic liquids which may be used which are known solvents for this glassy segment 
of the thermoplastic block copolymer. For example, in the reference work entitled 
Polymer Handbook, edited by Johannes Brandrup and E. H. Immergut, published byj. 
Wiley & Sons, New York, 1966, solvents for atactic polystyrene include: cyclohexane, 
\ methylcyclohexane, benzene, ethylbenzene, styrene, lower chlorinated aliphatic 
hydrocarbons, tetrahydrofurfuryl alcohol, phenol/acetone, dimethyltetrahydrofuran, 
dioxane, methyl ethyl ketone, diisopropylketone, cyclohexanone, ethyl acetate, butyl 
acetate, n-butyl phthalate, carbon disulfide, and tributyl phosphate, among others. It 
should be appreciated that in polymeric binder systems where the glassy segment of 
the block copolymer does not comprise polystyrene, different solvents may be used. 

[0026] y^g polymeric binder system of the present invention includes a thermoplastic 

block copolymer. The thermoplastic block copolymer may comprise either a radial or 
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linear block copolymer, but preferably comprises a radial copolymer. Suitable 
thermoplastic block copolymers including linear and radial block copolymers are 
described in commonly assigned U.S. Patent No. 4,61 5,851 , the disclosure of which is 
incorporated herein by reference. The thermoplastic block copolymer preferably 
comprises a copolymer of styrene and butadiene. The polybutadiene segment of the 
copolymer behaves as an elastomer while the polystyrene segment behaves as a 
glassy or crystalline solid (as if it were a single chemical at room temperature). A 
preferred block copolymer is Calprene ® , commercially available from Repsol 
Quimica, S.A. Other suitable block copolymers include Solprene ® 41 1 (Dynasol Corp., 
Houston, TX). 

[0027] The polymeric binder system also preferably includes first and second 

thermoplastic polymers, where the second polymer is different from the first polymer. 
□ The use of two different polymers allows sequential expulsion of the added single 

Jj? polymers during sintering. The thermoplastic polymers also function as tackifiers, and 

H aid in stiffening the components in the polymeric binder. The first thermoplastic 

polymer preferably comprises a thermoplastic polystyrene polymer such as Styron ® 
W 495, commercially available from Dow Chemical Company. A preferred second 

s" " " 

5 thermoplastic polymer is polyindene, such as Picco ® resin, commercially available 

r[ from Hercules of Wilmington, DE (now a part of Eastman Chemicals). 

e n i jj 

kQ [0028] The polymeric binder system further includes a plasticizer comprising at least one 



oil and one wax. Suitable oils and waxes for use in the present invention include 
naphthenic, paraffinic, or an admixture of paraffinic and naphthenic components. The 
oils and waxes should be sufficiently volatile to be removed easily and rapidly in the 
burn-out process but insufficiently volatile to be substantially removed during mixing 
and/or extrusion. The oils and waxes should be selected such that their evolution 
during burnout takes place over a broad temperature range, thus avoiding stress 
points and defects in the resulting articles. 



[0029] 



Examples of suitable commercially available oils include Flexon ® 580, 680, 765 
and 845 paraffinic petroleum oils, available from Exxon, and Shellflex ® 1 31 , 371 and 
790, available from Shell Chemical Co. Preferred waxes for use include Sunoco Wax ® 
3420, 441 2 and 441 8, commercially available from Sun Chemical, as well as paraffin 
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wax, commercially available from International Wax Refining. 

[0030] The polymeric binder system may also optionally include additional processing 
aids to improve the flow characteristics of the binder-powder mixture. Examples of 
suitable processing aids include stearic acid, polyethylene, polyethylene wax, 
admixtures of natural waxes and wax derivatives, vegetable fats, partially oxidized 
polyethylene, etc. 

[0031] The polymeric binder system may also optionally include antioxidants to retard 
oxidative degradation of the block polymer during mixing, thus minimizing loss of 
strength in the extruded thin-walled article. The addition of an antioxidant also allows 
more rapid elimination of the binder during burn-off by minimizing surface oxidation 
which may tend to seal off the surface. Suitable antioxidants include, but are not 
limited to, 2,6-ditert-butyl-phenol, polymerized 1 ,2-dihydro-2,2,4-trimethyl 
quinoline, 2-mercaptobenzimidazole, tetra-bis-methylene-3-(3,5-ditert-butyl-4- 
rJ hydroxy phenyl)-propionate methane, etc. A preferred antioxidant is AgeRite ® resin 

yj D, commercially available from R. T. Vanderbilt (1 ,2-dihydro-2,2,4-trimethyl 

s™ quinoline). 

s _ s 

* [0032] The preferred ceramic or metal powders used with the polymeric binder system 
L preferably include yttria-stabilized zirconia and a mixture of nickel oxide and yttria- 

y stabilized zirconia. In the making of thin-walled solid electrolyte tubes or sheets for 

□ fuel cells, the preferred powder is yttria-stabilized zirconia. In the making of anode- 

^ supported fuel cells, the preferred powder is a mixture of nickel oxide and yttria- 

stabilized zirconia. However, it should be appreciated that there a number of different 
ceramic or metal powders may be used, since the polymeric binder system is 
essentially free of water. 



[0033] ceram j C 0 r metal powders preferably have an average particle size of from 

about 0.1 to about 20 microns. This size is preferred for sintering after binder 
burnout but is not critical for the performance of the polymeric binder system. The 
volume ratio of polymeric binder system (without the organic solvent) to 
ceramic/metal material is preferably from about 3:1 to 1 :3. To achieve final ceramic 
objects of high density (relative to highest possible theoretical density for the 
particular ceramic) and for powders of size ranges which pack together well, a 
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preferred ratio is about 1 :3 (binderpowder). To achieve ceramic objects having a 
desired level of porosity and for powders which do not pack together well, the 
preferred ratio is about 3:1 (binderpowder). 

[0034] The components of the polymeric binder system are preferably combined in the 
following manner in order to obtain a substantially homogeneous solution which is 
easily extrudable into the desired shape, such as thin-walled tubes. The block 
copolymer and optional antioxidant should first be dissolved with shear in the organic 
solvent to obtain a substantially homogeneous solution. All other organic components 
may then be added and mixed with the application of shear. Shear may be applied by 
use of a laboratory-type magnetic spin-bar which is preferably spun on the bottom of 
a glass beaker positioned on a hot plate, such as a Fisher Scientific Thermix • Stirring 
Hot Plate, Model No. 310T. After all the added organic components are dissolved, the 
q mixed polymeric binder system may be 1) stored for future use (with or without the 

if organic solvent present) or 2) the ceramic or metal powder may be added with shear, 

ffl The mixture is ready for extrusion when the solvent has been substantially 

evaporated. The solvent is preferably evaporated from the mixture at room 
temperature or by heating to about 50 ° C. 

The mixture of the preferred polymer binder system and powders is preferably 
extruded at a temperature of about 1 20 ° C, followed by binder burn-out, which is 
preferably carried out at a temperature ramped at 1 ° C per minute from between 
room temperature to 500 ° C, held at 500 ° C for 2 hours, and ramped to sintering 
temperature at 3 ° C/minute. The preferred heating rate is a much faster rate in which 
the heating rate is only slowed down within limited, critical temperature intervals. The 
article is then preferably sintered at a temperature that is appropriate for the 
particular ceramic or metal powders. In the case of NiO-YSZ for anode precursor 
ceramics, the article is preferably sintered at a temperature between about 1 200 and 
1 350 ° C for 2 hours in air. 

[0036] While the invention has been described herein primarily with regarding to 

extrusion, it should be appreciated that the polymeric binder system and method 
could be applied to other shear-induced forming processes including calendering and 
injection molding. 



[0035] 
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[0037] In order that the invention may be more readily understood, reference is made to 
the following examples, which are intended to be illustrative of the invention, but are 
not intended to be limiting in scope. 

[0038] Example 1 

[0039] A polymeric binder system was prepared in accordance with the present invention 
using the materials and amounts listed below in Table 1 . 



Material Aniount (gram) 



0.7 

c blcck 4.8 



Polystyrene* 
Thennoplasri 
copolyir.er* 

Wax I s 1.0 

Wax 2* 1.0 

Polyinder.e s 0.7 

Oil 5 1-0 

Oil 7 1.7 

Antioxidant 8 0.85 

YSZ 45.0 



[0040] 1 Styron ® 4g 5j hjgh impact polystyrene resin (Dow Chemical Company, Midland, 
Ml) 

□ [0041] 2 £ a jp rene ® ^jg-^ mo | ecu | ar weight radial styrene-butadiene block copolymer 
fM with 30% styrene content (Dynasol Corp., Houston, TX) 

H - 00421 3 Paraffin wax, melting point 58-62 ° C,(#32721-2,Sigma-Aldrich, Milwaukee, Wl) 

g [0043] 4 Paraffin waXj m elting point 52-58 ° C,(#31 765-9,Sigma-Aldrich, Milwaukee, Wl) 

M [0044] 5 p jcco ® 5!4Q aromatic hydrocarbon resin (Hercules, Inc. [now part of Eastman 
Chemicals]) 

[0045] ^ Flexon ® 845, paraffinic petroleum oil (Exxon Corp.) 

[0046] 7 shellflex ® 371 , hydrotreated heavy naphthenic distillate (Equilon Enterprises 
LLC, Houston, TX) 

[0047] 8 AgeRjte © Resjn q powc j er (R j vanderbilt, Norwalk, CT) 

[0048] The preparation of the polymer binder system was initiated by the addition of the 
thermoplastic block copolymer (Calprene ® ) to toluene heated at about 50 ° C with 
stirring to provide shear. The antioxidant (AgeRite • ) was then added. The two 
thermoplastic polymers (polystyrene and polyindene) were then added and completely 
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dissolved in the toluene solution with continued stirring at 50 ° C. To the resulting 
homogeneous solution were added the two paraffinic waxes (with different softening 
points of about 52 and 58 ° C), and the two oils with different boiling points (Flexon • 
and Shellflex ® ). Into this homogeneous yellow binder solution the YSZ ceramic 
powder material was added and then mixed to form a slurry. The resulting opaque 
slurry was allowed to sit for several hours with slight heating at about 50 * C with 
stirring to evaporate the toluene solvent. 

[0049] To perform the extrusion, the dried slurry was cut into pieces and put into an 

extruder. The extruder was preheated for 1 5 to 30 minutes at 80 ° C and then for an 
additional 5 to 1 0 minutes with heating up to 1 1 0 to 1 20 ° C in order to reach the 
softening point of the slurry. At extrusion temperature, a pressure of about 1 3.8 to 

2 

20.6 MPa (2000-3000 pound/inch ) was used to obtain green ceramic tubes at an 
extrusion rate about 600 mm/min. 

[0050] A typical binder burn-out and sintering schedule is shown below in Table 2. 



Table 2 



Temperature range. "C 


Rate, °C/min 


25 to 500°C 
500°C 

500 to 1450°C 
1450°C 

1450 to 21°C 


1 

hold for 2 hours 
3 

hold for 2 hours 
3 



After sintering, dense tubes having a diameter of 2.8 mm and wall thickness of 

0. 2 mm were obtained. 

The tubes maintained their as-extruded shape and exhibited a fine grain 
microstructure with only a small number of isolated pores. 

Example 2 

A polymeric binder system was prepared using the same materials as in Example 

1 , but without an antioxidant. Good extrusion and burn-out qualities were obtained. 

Example 3 

A polymeric binder system was prepared using the same materials as in Example 
1 , but with a higher volume fraction of ceramic material. The ratio of the volume of 
the polymer (other than the organic solvent) to the volume of the YSZ powder was 1 :2 
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for 60 vol.% of powder solids. Good extrusion and burn-out qualities were obtained. 
[0057] Example 4 

[0058] A polymeric binder system was prepared using the same materials as in Example 
1 , with the exception that 5% of the organic solvent remained in the extrudable mass 
by incomplete evaporation of the toluene. Although this resulted in lower pressures 
for extrusion, more surface defects and pores were found in the extruded green body. 

[0059] Example 5 

[0060] A polymeric binder system was prepared using the same materials as in Example 
1 , but with the use of tetrahydrofuran (THF) as the organic solvent in place of toluene. 
The substitution of THF resulted in faster evaporation of the solvent. Good extrusion 
and burn-out qualities were obtained. 

[0061] While certain representative embodiments and details have been shown for 

purposes of illustrating the invention, it will be apparent to those skilled in the art that 
various changes in the methods and apparatus disclosed herein may be made without 
departing from the scope of the invention, which is defined in the appended claims. 
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